A novel nanometeric plasmonic filter in a tooth-shaped Metal-Insulator-Metal waveguide is proposed and demonstrated numerically. An analytic model based on the scattering matrix method is given. The result reveals that the single tooth-shaped filter has a wavelength filtering characteristic and an ultra-compact size in the length of a few hundred nanometers, compared to grating-like SPPs filters. Both analytic and simulation results show that the wavelength of the trough of the transmission has linear and nonlinear relationships with the tooth depth and the tooth width, respectively. The waveguide filter could be utilized to develop ultra-compact photonic filters for high integration.
Surface Plasmons are waves that propagate along a metal-dielectric interface with an exponentially decaying field in the both sides [1, 2] . The unique properties of Surface Plasmon Plolaritons (SPPs) have shown the potential to overcome the diffraction limit in conventional optics, which could be utilized to achieve nano-scale photonic devices for high integration.
Several different Metal-Insulator-Metal (MIM) waveguide structures based on SPPs have been numerically and/or experimentally demonstrated such as U-shaped waveguides [3] , splitters [4] , Y-shaped combiner [5] , Multimode-Interferometers [6] , couplers [7, 8] , M-Z interferometers [9, 10] , Bragg mirrors [11] , and photonic bandgap structures [12] . To achieve wavelength filtering characteristics, SPPs Bragg reflectors and nanocavities have been proposed. They include the metal heterostructures constructed with several periodic slots vertically along a MIM waveguide [13, 14] , the Bragg grating fabricated by periodic modulating the thickness of thin metal stripes embedded in a insulator [15] and the periodic structure formed by changing alternately two kinds of the insulators with the same width [16] or different widths [17, 18] .
Lately, a high-order plasmonic Bragg reflector with a periodic modulation of the core index of the insulators [19] , and a structure with periodic variation of the width of the insulator in MIM waveguide [20] have been proposed. Most of the structures mentioned above, however, have the period number of N > 9 with the total lengths over 4μm and beyond subwavelength-scale, which result in relatively high insertion loss of several dB. In this letter, a nanoscale SPPs filter based on the MIM waveguide consisting of single rectangular tooth is proposed. The SPPs distributions and propagations are characterized by the method of Finite-Difference Time-Domain (FDTD), with perfect-matching-layer absorbing boundary conditions. An analytic model based on the scattering matrix method is derived to explain the filtering mechanism of the structure.
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To begin with the dispersion relation of the fundamental TM mode in a MIM waveguide (shown in the inset of Fig. 1 ) is given by [15, 21] 
with k z1 and k z2 defined by momentum conservations:
Where in ε and m ε are respectively dielectric constants of the insulator and the metal, The tooth-shaped waveguide filter is shown in Fig. 2 . In the following FDTD simulations, the grid sizes in the x and z directions are chosen to be 5nm×5nm. The fundamental TM mode of the plasmonic waveguide is excited by a dipole source. Two power monitors are respectively set at the points of P and Q to detect the incident and transmission fields for calculating the incident power of P in and the transmitted power of P out . The transmittance is defined to be T=P out /P in . The length of L is fixed to be 300nm, while the tooth width and depth are respectively w t =50nm and d=100nm. As shown in Fig. 3(a) The phenomenon above can be physically explained in the scattering matrix theory [23] as follows:
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in which in 3 E is given as follows:
where the phase delay 4 ( ) ( )
, and ϕ λ Δ is the phase-shift caused by the reflection on the air-silver surface. Combined Eq. (5) and Eq. (6), the output field at Port 2 is derived as:
Therefore, the transmittance T from Port 1 to Port 2 is given by:
It can be seen from Eq. (8) (m=0,1,2…), the two terms inside the absolute value sign on the right of the equation will cancel each other (as it can be seen in Fig. 3(c) ), so that the transmittance T will become minimum. Therefore, the wavelength λ m of the trough of transmission is determined as follows:
5 It can be seen that the wavelength λ m is linear to the tooth depth d, and depends on tooth width w t , through the somewhat inverse-proportion-like relationship between n eff and w t shown in Fig. 1 . For example, to obtain a filter with a trough at the wavelength of 1550nm, the structural parameters of w t =w=50nm and d=237.5nm can be chosen.
In summary, a novel plasmonic waveguide filter constructed with a MIM structure engraved single rectangular tooth is investigated. The filter is of an ultra-compact size with a few hundreds of nanometers in length, and then low insertion loss. Moreover, it is promised to reduce 6 the difficulties in fabrication, comparing with previous grating-like heterostructures with a few micrometers in length. Our results suggest that the new structure could be utilized to develop plasmonic wavelength filters on flat metallic surfaces with extreme high integration for planar nanometeric photonic circuits. 
